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•  Methanol  drag  coefficient  is  obtained  from  these  peaks  and  valleys. 

•  Water  drag  coefficient  can  also  be  obtained  from  these  peaks  and  valleys. 
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Methanol  crossover  is  a  serious  problem  for  a  direct  methanol  fuel  cell  (DMFC)  since  it  causes  mixed 
potential  and  waste  of  fuel.  The  amount  of  methanol  crossover  directly  depends  on  the  methanol  con¬ 
centration  at  the  interface  between  the  anode  catalyst  layer  and  the  electrolyte  membrane.  However,  no 
technique  is  available  to  measure  the  methanol  concentration  at  this  interface  in  an  operating  DMFC. 
Previous  experimental  results  show  that  sharp  peaks  exist  in  the  methanol  crossover  flux  when  the  cell 
voltage  changes  abruptly  [1].  Systematic  studies  on  these  peaks  reveal  the  formation  mechanisms. 
Furthermore,  a  novel  method  to  determine  the  methanol  concentration  at  the  interface  between  the 
anode  catalyst  layer  and  the  Nation®  electrolyte  membrane  is  developed.  Finally,  the  relationship  be¬ 
tween  the  methanol  concentration  at  this  interface  and  the  drag  coefficients  for  methanol  and  water  in 
an  operating  DMFC  are  also  derived. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Direct  methanol  fuel  cell  (DMFC)  is  a  promising  energy  con¬ 
version  device  for  portable  electronics  because  of  its  low  working 
temperature,  independence  of  power  grid,  quick  refueling,  compact 
size,  etc  2-4].  Furthermore,  methanol  fuel  is  a  promising  alter¬ 
native  to  petroleum-based  fuels  since  it  is  less  expensive  to  produce 
sustainably  and  its  use  is  an  inexpensive  way  to  reduce  carbon 
footprints.  Compared  with  hydrogen  PEM  fuel  cells,  a  DMFC  does 
not  require  humidification  since  the  liquid  methanol  in  the  anode 
and  the  water  produced  in  the  cathode  are  sufficient  to  keep  the 
Nation®  membrane  well  hydrated.  Despite  all  these  advantages, 
there  are  several  hurdles  that  prevent  DMFCs  from  being  compet¬ 
itive  to  existing  power  systems.  One  of  the  most  serious  hurdles  is 
the  methanol  crossover.  Narayanan  et  al.  [5]  reported  that  over  40% 
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of  methanol  could  be  wasted  due  to  cross-over  through  thinner 
Nation®  membranes. 

Methanol  crossover  happens  when  methanol  molecules  move 
through  the  electrolyte  membrane  from  the  anode  side  to  the 
cathode  side.  It  has  a  serious  detrimental  effect  on  cell  performance 
due  to  the  adverse  effect  caused  by  the  formation  of  mixed  po¬ 
tentials  at  the  cathode.  Methanol  crossover  also  reduces  fuel  effi¬ 
ciency  of  the  cell  as  the  oxidation  of  the  crossed-over  methanol 
does  not  generate  any  electrical  power.  Though  the  efficiency  of  a 
DMFC  stack  is  highly  dependent  upon  the  operating  conditions  as 
well  as  the  cell  and  system  configurations  [6],  of  the  total  chemical 
energy  contained  in  methanol,  less  than  30%  can  be  converted  into 
electricity,  with  the  rest  being  converted  into  heat  as  the  results  of 
methanol  crossover  and  the  irreversibility  of  electrode  reactions, 
especially  in  the  anode  [2].  Although  pure  methanol  has  a  high 
energy  density  (about  1.8  kWh  kg-1  or  1.7  kWh  L-1),  in  order  to 
mitigate  the  adverse  effect  of  methanol  crossover,  generally  pure 
methanol  has  to  be  diluted  to  a  low  concentration  [2]  before  being 
supplied  to  an  operating  DMFC.  However,  the  consequence  of 


184 


J.  Han,  H.  Liu  /  Journal  of  Power  Sources  256  (2014)  183-189 


dilution  is  that  the  size  of  the  fuel  cell  system  has  to  be  increased 
significantly.  Thus  potential  for  applications  of  DMFCs  as  power 
sources  for  portable  electronic  devices  are  dramatically  reduced. 
Another  adverse  effect  of  methanol  crossover  is  its  effect  on  the 
kinetics  of  the  electro-reduction  of  oxygen  at  the  cathode  side  [2]. 
Though  the  rate  of  reactions  can  be  increased  by  increase  either 
anode  and/or  cathode  catalyst  [7],  however  increasing  catalysts  will 
leads  to  increases  in  cost. 

One  way  to  reduce  the  methanol  crossover  is  to  use  an  elec¬ 
trolyte  membrane  that  resist  to  methanol  crossover.  SPEEK  (sulfo- 
nated  poly(ether  ether  ketone))  and  PVA  (poly( vinyl  alcohol))  are 
considered  as  two  of  the  most  promising  candidates  for  replacing 
Nafion®  electrolyte  member  [8-10].  Other  double  layer  and  multi¬ 
layer  membranes  are  also  developed  to  suppress  methanol  cross¬ 
over  in  a  DMFC  [11].  Numerous  efforts  have  also  been  focused  on 
composite  membranes  [12,13  to  reduce  the  methanol  crossover. 
Modified  Nafion®  membranes  have  also  been  used  to  improve  the 
performance  of  DMFCs  [14].  Omosebi  and  Besser  [15]  studied 
Patterned  Nafion®  212  membrane  prepared  by  electron  beam 
lithography  (EBL)  coupled  with  dry  etching.  Yamauchi  et  al.  [16] 
used  a  pore-filling  polymer  electrolyte  membrane.  Wang  et  al. 
[17]  concluded  that  a  facile  surface  modification  of  Nafion®  mem¬ 
brane  by  the  formation  of  self-polymerized  dopamine  nano-layer  is 
beneficial  to  enhance  the  methanol  barrier  property.  Li  et  al.  [18] 
use  stainless  steel  fiber  felt  as  cathode  diffusion  backing  and  cur¬ 
rent  collector  for  a  micro  direct  methanol  fuel  cell  with  low 
methanol  crossover. 

Methanol  crossover  and  its  detrimental  effects  can  also  be 
mitigated  by  working  on  many  other  aspects  of  a  DMFC.  Dedicated 
efforts  on  studying  new  kind  of  the  cathode  electrode  structure 
[19],  modified  anode  [20],  and  the  influence  of  the  diffusion  layer 
on  methanol  crossover  [21]  have  also  be  conducted  to  reduce 
methanol  crossover.  Numerous  efforts  also  have  been  made  on 
vapor-fed  DMFC  in  order  to  lower  the  methanol  crossover  and 
improve  the  cell  performance  [22].  Yuan  et  al.  [23]  used  a  porous 
metal-fiber  sintered  plate  (PMFSP)  based  on  multi-tooth  cutting 
and  high-temperature  solid-phase  sintering  as  a  methanol  barrier 
at  the  anode  of  a  passive  DMFC  in  order  to  reduce  the  effect  of 
methanol  crossover.  Kim  et  al.  [24]  investigated  the  effects  of  the 
microstructure  and  powder  compositions  for  the  micro-porous 
layer  (MPL)  of  an  anode  on  the  cell  performance  and  methanol 
crossover.  Other  efforts,  such  as  developing  methanol-tolerant 
cathode  catalysts  for  DMFCs  [25,26]  etc.  have  also  been  made. 
However,  methanol  crossover  from  the  anode  to  the  cathode  is 
unavoidable  despite  of  all  the  efforts  from  various  aspects,  since 
methanol  can  be  dissolved  into  water  to  any  degree. 

Methanol  crossover  in  a  DMFC  includes  three  parts,  diffusion, 
electro-osmotic  drag  (EOD)  and  hydraulic  permeation.  Diffusion 
takes  place  due  to  concentration  gradients  across  the  membrane, 
hydraulic  permeation  is  caused  by  pressure  gradients,  and  EOD  is 
caused  by  proton  drag  on  water  and  methanol  is  dissolved  in  water 
[27].  Each  part  is  directly  proportional  to  the  methanol  concen¬ 
tration  at  the  interface  between  the  anode  catalyst  layer  and  the 
electrolyte  membrane.  Measurement  of  the  interface  methanol 
concentration  can  facilitate  our  understanding  the  roles  of  meth¬ 
anol  crossover  due  to  different  mechanisms  and  may  thus  lead  to 
development  of  membranes  with  higher  resistance  to  methanol 
crossover.  Some  researches  toward  this  goal  have  been  conducted. 
For  instance,  Zhong  et  al.  [28]  evaluated  the  crosslinked  suffocated 
poly  (ether  ether  ketone)/2-acrylamido-2-methyl-l  -propane- 
sulfonic  acid  (SPEEK/AMPS)  blend  membranes  and  they  found  that 
the  proton  conductivity  and  methanol  diffusion  coefficient  of 
SPEEK/AMPS  membranes  increased  gradually  with  the  increase  of 
AMPS  content.  Another  study  by  Zhong  et  al.  [29]  found  that  the 
existence  of  self-cross  linked  silica  network  of  organic/inorganic 


proton  exchange  membranes  enable  them  to  possess  excellent 
thermal  stability  and  methanol  barrier.  Baglio  et  al.  [30]  studied 
water  and  methanol  transport  properties  through  bare  recast 
Nafion®  and  composite  Nafion®  membranes  containing  ceramic 
fillers  characterized  by  different  acid-base  behavior.  In  their  study, 
both  nuclear  magnetic  resonance  (NMR)  and  electro-chemical  po¬ 
larization  data  indicate  that  both  electrical  properties  and  transport 
mechanism  are  influenced  by  the  surface  properties  of  the  inor¬ 
ganic  fillers. 

Methanol  concentration  at  the  interface  between  the  anode 
catalyst  layer  and  the  membrane  is  also  related  to  the  reaction  ki¬ 
netics  in  the  anode  catalyst  layer.  A  higher  methanol  oxidation  rate 
leads  to  a  lower  interfacial  methanol  concentration.  Numerous 
papers  have  been  published  on  studying  the  effects  of  methanol 
crossover  [31],  the  mechanisms  of  methanol  crossover  [27], 
methods  to  mitigate  the  methanol  crossover,  the  effects  of  different 
operating  conditions  on  the  methanol  crossover  [1,33],  either 
experimentally  or  numerically.  Seo  and  Lee  [31]  found  that  the 
efficiency  of  a  DMFC  is  directly  related  to  the  methanol  crossover 
during  operation.  Arico  et  al.  [32]  found  that  methanol  crossover 
can  reduce  the  open-circuit  potential  by  as  much  as  0.15-0.2  V  and 
poison  the  catalysts  at  the  cathode.  Han  and  Liu  [1]  measured 
methanol  crossover  in  an  operating  fuel  cell  under  different  oper¬ 
ating  conditions.  Chiu  [33]  evaluated  methanol  crossover  in  a  DMFC 
under  different  operating  conditions  with  an  algebraic  semi- 
empirical  model.  However,  a  method  to  measure  the  methanol 
concentration  at  the  interface  between  the  anode  catalyst  layer  and 
the  electrolyte  membrane  is  still  elusive,  and  the  knowledge  of  the 
methanol  concentration  at  this  interface  is  very  valuable  in  pre¬ 
dicting  the  methanol  cross-over  rate  and  cell  performance.  Besides, 
such  knowledge  can  further  lead  to  methodologies  in  reducing 
methanol  crossover  and  enhancing  fuel  cell  performances. 

In  this  work,  the  sharp  peaks  in  methanol  cross-over  flux  in  an 
operating  DMFC  when  the  cell  voltage  changes  abruptly  are  sys¬ 
tematically  studied,  and  the  methanol  concentrations  at  the  inter¬ 
face  between  the  anode  catalyst  layer  and  the  electrolyte 
membrane  are  obtained.  The  formation  mechanisms  for  the  peaks 
are  further  explored.  The  methanol  drag  coefficients  at  different 
interfacial  concentrations  are  obtained  and  a  linear  relationship 
between  the  interfacial  methanol  concentration  and  the  methanol 
drag  coefficient  is  obtained  directly  from  the  experimental  results. 
The  water  drag  coefficient  can  also  be  obtained. 

2.  Experimental  studies 

2.1.  Experimental  system 

The  experimental  system  is  schematically  shown  in  Fig.  1.  The 
fuel  cell  test  station  was  manufactured  by  Fuel  Cell  Technology,  Inc. 
A  major  component  of  the  test  station  is  the  HP®  6050A  system  DC 
electronic  load  controller,  which  is  capable  of  controlling  the 
electrical  load  on  the  fuel  cell  as  well  as  measuring  its  voltage 
versus  current  responses.  This  experimental  system  also  provided 
control  over  anode  and  cathode  flow  rates,  cell  operating  temper¬ 
ature,  operating  pressure,  and  humidification  temperature  for  the 
cathode.  The  cathode  mass  flow  rate  was  controlled  and  measured 
by  a  MKS®  mass  flow  controller,  and  the  anode  flow  rate  was 
controlled  and  measured  by  a  peristaltic  pump  by  Gilson,  Inc. 

The  experimental  fuel  cell  consisted  of  two  316  stainless  steel 
end  plates,  two  graphite  collector  plates  with  machined  serpentine 
flow  fields,  two  carbon  cloth  diffusion  layers,  two  catalyst  layers, 
and  an  electrolyte  polymer  membrane.  The  cell  was  kept  at  a 
constant  temperature  of  70  °C  through  the  thermal  management 
system  during  all  the  experiments.  The  membrane  used  was 
Nafion®  117;  the  gas  diffusion  layer  on  the  anode  side  was  carbon 
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Fig.  1.  Schematic  of  the  experimental  system. 


cloth  and  ETEK  ELAT®  on  the  cathode  side;  the  catalyst  is  Pt-Ru  on 
the  anode  side  with  a  loading  of  4  mg  cm-2;  and  the  catalyst  was 
carbon  supported  Pt  on  the  cathode  side  with  a  loading  of 
4  mg  cm-2.  The  total  active  area  of  the  cell  was  5  cm2.  The  carbon 
dioxide  sensor  used  was  GMP221  Carbon  Dioxide  Probe  from  Vai- 
sala  Oyj,  Finland.  After  passing  through  the  working  DMFC,  the  exit 
gas  is  cooled  down  to  the  room  temperature  of  20  °C  and  the  carbon 
dioxide  probe  is  working  under  this  temperature. 

When  methanol  crosses  over  to  the  cathode  side,  most  reacts 
with  oxygen  and  converts  intoC02,  and  only  a  very  small  amount 
becomes  the  intermediate  products  CHxOy  and  CO  [34].  Wang  et  al. 
[35]  analyzed  the  chemical  compositions  of  the  cathode  effluent  of 
a  DMFC  with  a  mass  spectrometer  and  found  that  the  methanol 
crossing  over  the  membrane  to  the  cathode  is  completely  oxidized 
to  CO2  in  the  presence  of  Pt  catalyst.  In  this  study,  the  flux  of 
methanol  crossover  was  determined  by  measuring  the  CO2  con¬ 
centration  at  the  exit  of  the  cathode  side.  The  concentration  of 
water  vapor  at  the  cathode  exit  was  constant  for  each  experiment 
since  the  temperature  was  held  constant  and  the  cathode  exhaust 
gas  was  always  saturated.  Determining  methanol  crossover  flux  by 
measuring  CO2  concentration  at  cathode  outlet  is  a  very  convenient 
and  reliable  technique  [36-38].  Besides,  this  technique  can 
monitor  the  amount  of  methanol  crossover  continuously  and  in  real 
time. 


2.2.  Experimental  methodology 


In  an  operating  DMFC,  when  there  is  no  significant  pressure 
difference  between  the  anode  and  cathode  sides,  the  methanol 
crossover  molar  flux  per  active  area  is  caused  by  diffusion  and 
electro-osmotic  drag,  thus, 


j  _  I  Deff  ACe 
J  ~  nF  +  t 


(1) 


where,  Xm  is  the  methanol  drag  coefficient;  n  is  the  number  of 
electronic  charges  per  proton,  n  =  1 ;  F  is  the  Faraday  constant, 
F=  96485  (C  mol-1);  I  is  the  fuel  cell  current  density  (A  cm-2);  Deff 
is  the  effective  diffusion  coefficient  of  methanol  through  the 
Nation®  electrolyte  polymer  membrane,  t  is  the  thickness  of  the 
membrane  (m)  and  it  is  1.8  x  10-4m  here;  ACe  is  the  difference  in 
methanol  concentration  across  the  membrane  (M).  The  methanol 


drag  coefficient  can  be  expressed  as  Xm  =  AwXa/m  [39],  whereAw  is 
the  water  drag  coefficient,  Xa/m  is  the  methanol  molar  fraction  at 
the  interface  between  the  anode  catalyst  layer  and  the  membrane. 
The  first  term  in  the  RHS  in  Eq.  (1)  is  the  methanol  crossover  flux 
due  to  the  electro-osmotic  drag  and  the  second  term  is  methanol 
crossover  flux  caused  by  the  methanol  concentration  gradient. 

Eq.  (1)  shows  that  the  methanol  crossover  flux  depends  directly 
on  the  methanol  concentration  at  the  interface  between  the  anode 
catalyst  layer  and  the  membrane.  Assume  the  methanol  solution  is 
ideal,  the  methanol  molar  fraction  at  the  interface  between  the 
anode  catalyst  layer  and  the  electrolyte  membrane  can  be  calcu¬ 
lated  by, 


* a/m  — 


L a/m 


- a/m  +  (l  —  Ca/m^rn) /Vu 


=  c 


-a/m 


(  Ca/m* 32*1000\  1  A  -1 

Ca/m+  1000-  C/™  ,  ^ 


(2) 


where  Ca/m  is  the  methanol  concentration  at  the  interface  between 
the  anode  catalyst  layer  and  the  membrane,  V*  is  the  molar  volume 
of  species  i  (either  m  for  methanol  or  w  for  water)  and  the  methanol 
density  is  taken  to  be  794.45  kg  m-3. 

The  methanol  crossover  flux  per  active  area  can  be  determined 
from  the  carbon  dioxide  concentration  at  the  cathode  exit  by, 


?  =  Q-Xco, 

J  vA 


(3) 


where  j  -  methanol  molar  flux  per  active  area  (mmol  min-1  cm-2)), 
A  -  cell  active  area  (cm2),  here  A  =  5  cm2,  Q.  -  cathode  flow  rate 
(sccm),XCo2  -  carbon  dioxide  molar  fraction  at  the  cathode  exit  (%), 
v  —  gas  molar  specific  volume,  v  =  RT /p,  where  p  is  pressure  and  R 
is  the  universal  gas  constant,  T  is  the  temperature  in  K  at  the 
location  of  the  carbon  dioxide  probe. 

Since  a  very  high  air  flow  rate  is  used  in  all  the  experiments 
(cathode  stoichiometric  ratio  is  greater  than  40)  and  no  humidifi¬ 
cation  is  provided  on  the  cathode  side,  the  cathode  flow  rate  can  be 
approximated  by  the  air  flow  rate.  Assuming  methanol  is  oxidized 
immediately  after  crossing  over  to  the  cathode  side  [35],  i.e.  the 
methanol  concentration  at  the  cathode  side  of  the  membrane  is 
assumed  to  be  zero,  we  have,  ACe  =  Cfl/m.  The  carbon  dioxide  sensor 
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used  is  found  to  have  instantaneous  response  to  the  changes  of  the 
cell  voltage  and  this  can  be  verified  by  the  matching  of  the  transient 
data  of  current  density  and  CO2.  Note  that  such  instantaneous  re¬ 
sponses  are  ensured  by  both  the  quick  responses  of  the  sensor  and 
the  fuel  cell,  which  is  small  with  high  cathode  flow  rates. 

From  Eq.  (1 ),  it  can  be  seen  that  when  the  cell  voltage  is  abruptly 
changed  to  a  new  value,  if  the  cell  current  also  changes  to  a  new 
value  almost  immediately,  then  the  first  term,  the  part  of  methanol 
crossover  flux  due  to  EOD  changes  immediately.  However,  at  this 
moment,  the  methanol  concentration  at  the  interface  between  the 
anode  catalyst  layer  and  the  membrane  is  still  the  same  as  at  the 
previous  cell  voltage.  It  will  take  a  period  of  time  for  this  interface 
methanol  concentration  to  reach  the  new  equilibrium  value  at  the 
new  cell  voltage.  Therefore,  at  the  time  when  the  cell  voltage 
changes  abruptly  to  a  new  value,  methanol  crossover  flux  caused  by 
the  diffusion  part  remains  the  same  while  the  part  due  to  EOD 
decreases  or  increases  immediately,  and  it  takes  some  time  for  the 
total  methanol  crossover  flux  to  reach  the  new  equilibrium  value. 

A  series  of  experiments  have  been  conducted  to  record  the 
responses  of  cell  current  density  and  methanol  crossover  flux 
when  the  cell  voltage  is  changed  abruptly.  Cell  voltage 
changes  according  to  the  following  scheme:  Vmax  -►  0.394  V  -> 
0.096  V  -►  0.394  V  -►  Vmax.  Here  Vmax  is  the  maximum  cell  voltage 
that  can  be  measured  in  a  closed  circuit.  In  this  work,  Vmax  is  ob¬ 
tained  when  the  cell  current  density  is  0.002  A  cm-2.  The  same 
experiments  have  been  repeated  for  five  different  feeding  meth¬ 
anol  concentrations:  0.5  M,  1  M,  2  M,  3  M  and  5  M. 

Denoting  the  methanol  concentration  at  the  interface  between 
the  anode  catalyst  layer  and  the  membrane  as  Cm_n,  where  m 
represents  the  feeding  methanol  concentration  and  n  represents 
the  fuel  cell  operating  voltage  state.  The  air  flow  rate  in  all  the 
experiments  is  either  800  seem  or  1600  seem.  From  Eqs.  (1 )  and  (3), 
we  have, 

Cm_„Deff  +  1.866  x  10-8/Am_„  =  3  x  10“8J  (4) 

where  Cm_n  is  the  methanol  concentration  at  the  interface  between 
the  anode  catalyst  layer  and  the  membrane;  I  is  the  cell  current 
density;  Xm-n  is  the  methanol  drag  coefficient  through  the  mem¬ 
brane  at  the  feeding  methanol  concentration  of  mM  and  cell  voltage 
state  of  n.  For  simplicity,  the  following  values  are  assigned  to 
run  =  1  when  the  cell  operating  voltage  equals  Vmax,  n  =  2  when  the 
cell  voltage  equals  0.394  V  after  it  is  decreased  from  Vmax,  n  =  3 
when  the  cell  voltage  equals  0.096  V,  n  =  4  when  the  cell  voltage 
equals  0.394  V  before  it  is  increased  to  Vmax.  The  methanol  effective 
diffusion  coefficient  in  the  Nation®  electrolyte  polymer  membrane 
is  taken  to  be  Deff  =  4.938  x  1CT10  m2  s_1  at  70  °C  [40], 

3.  Experimental  results  and  discussions 

3.1.  Results  at  0.5  M  feeding  methanol  concentration 

Fig.  2  shows  the  results  of  responses  of  cell  current  density  and 
methanol  crossover  flux  when  the  cell  voltage  is  changed  according 
to  the  scheme:  Vmax  0.394  V  ->  0.096  V  ->  0.394  V  Vmax.  Here 
Vmax  is  0.857  V.  Fig.  2  shows  that  when  the  cell  voltage  is  decreased 
abruptly,  the  cell  current  density  increases  immediately.  However, 
the  methanol  crossover  flux  does  not  decrease  immediately  to  its 
new  equilibrium  value.  Instead,  an  overshoot  occurs  and  a  positive 
peak  is  formed  in  the  methanol  crossover  flux  before  it  decreases  to 
its  new  equilibrium  level.  Similarly,  when  the  cell  voltage  is 
increased  abruptly,  the  cell  current  density  decreases  immediately, 
and  another  overshoot  occurs  and  a  negative  peak  (valley)  is 
formed  in  the  methanol  crossover  flux.  There  are  four  peaks  in 
methanol  crossover  flux  corresponding  to  the  four  abrupt  changes 
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Fig.  2.  Methanol  crossover  peaks  at  transient  states:  methanol  feeding  concentration 
0.5  M;  methanol  flow  rate,  3  ml  min-1;  air  flow  rate,  800  seem. 


in  cell  voltage  when  all  the  other  cell  operating  conditions  are  kept 
unchanged.  The  first  peak  corresponds  to  the  cell  voltage  changes 
from  Vmax  to  0.394  V;  the  second  peak  corresponds  to  the  cell 
voltage  changes  from  0.394  V  to  0.096  V;  the  third  peak  corre¬ 
sponds  to  the  cell  voltage  changes  from  0.096  V  back  to  0.394  V;  the 
fourth  peak  corresponds  to  the  cell  voltage  changes  from  0.394  V 
back  to  Vmax. 

For  each  of  these  four  peaks  or  valleys,  we  have  one  equation  to 
describe  the  methanol  crossover  flux  at  the  peak  value.  For  the 
second  peak  (J  =  0.728  A  cm-2,  j  =  3.487  x  10-3  mmol  min-1  cm-2) 
and  the  fourth  peak  (I  =  0.002  A  cm-2, 

j  =  2.804  x  10-3  mmol  min-1  cm-2),  from  Eq.  (4)  we  have, 

C0.5-2^eff  +  1.358  x  10-845_2  =  1.046  x  10-10  (5) 

Cos— 4^eff  +  3.731  x  10-11Ao.5_4  =  8.41  x  10-11  (6) 

In  these  two  equations,  both  Co.5-2  and  Co.5-4  are  the  interface 
methanol  concentration  when  the  cell  voltage  is  equal  to  0.394  V 
and  the  methanol  feeding  concentration  is  0.5  M,  thus  Co.5-2  =  C0.5- 
4.  Since  the  methanol  drag  coefficient  is  a  function  of  the  interface 
methanol  concentration,  A  =  g(Ca/m),  then  we  have  Ao.5-2  =  Ao.5-4. 
From  Eqs.  (5)  and  (6),  we  obtain, 

^0.5-2  =  ^0.5-4  =  1-513  X  10-3,  Aw  =  0.492,  Cq^-2 
=  0)  5— 4  a  0.17  M. 

So  we  are  able  to  determine  the  methanol  concentration  at  the 
interface  between  the  anode  catalyst  layer  and  the  membrane  at 
0.394  V  to  be  0.17  M  when  the  feeding  methanol  concentration  is 
0.5  M.  Besides,  the  methanol  EOD  coefficient  is  determined  to  be 
1.513  x  10-3  under  these  conditions.  The  results  show  that  at  the 
cell  voltage  of  0.394  V,  the  methanol  concentration  at  the  anode 
catalyst  layer/membrane  interface  is  about  34%  of  the  feeding 
concentration  when  a  very  low  methanol  concentration  of  0.5  M  is 
used. 

3.2.  Results  at  1  M  methanol  concentration 

Fig.  3  shows  the  results  of  responses  of  cell  current  density  and 
methanol  crossover  flux  when  the  cell  voltage  is  changed  abruptly 
according  to  the  same  scheme  as  described  at  1  M  feeding  meth¬ 
anol  concentration.  Similarly,  the  first  peak  corresponds  to  the  cell 
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Fig.  3.  Methanol  crossover  peaks  at  transient  states:  methanol  feeding  concentration 
1  M;  methanol  flow  rate,  3  ml  min-1;  air  flow  rate,  800  seem. 


Fig.  4.  Methanol  crossover  peaks  at  transient  states:  methanol  feeding  concentration 
2  M;  methanol  flow  rate,  3  ml  min-1;  air  flow  rate,  800  seem. 


voltage  changes  from  Vmax  to  0.394  V;  the  second  peak  corresponds 
to  the  cell  voltage  changes  from  0.394  V  to  0.096  V;  the  third  peak 
corresponds  to  the  cell  voltage  changes  from  0.096  V  back  to 
0.394  V;  the  fourth  peak  corresponds  to  the  cell  voltage  changes 
from  0.394  V  back  to  Vmax.  Here  Vmax  equals  0.824  V. 

For  the  second  peak  (/  =  0.848  A  cm-2, 
j  =  1.509  x  10-2  mmol  min-1  cm-2)  and  the  fourth  peak 
(J  =  0.002  A  cm-2,  j  =  9.736  x  10-3  mmol  min-1  cm-2),  from  Eq.  (4), 
we  have, 

Ci-2Deff  +  1.582  x  10  =  4.526  x  1(T10  (7) 

C!_4Deff  +3.731  x  10“11A1_4  =  2.921  x  1CT10  (8) 

Similarly,  bothCi_2  andCi_4  are  the  interface  methanol  con¬ 
centration  at  cell  voltage  of  0.394  V  when  the  methanol  feeding 
concentration  is  1  M,  so  Ci_2  =  C1-4,  Ai_2  =  Ai_4.  Solving  Eqs.  (7) 
and  (8)  we  have, 

Ai_2  =  1.017  x  1(T2,  Aw  =  0.944,  Cx_2  =  Ci_4  =  0.591  M. 

The  results  show  that  at  a  higher  feeding  methanol  concentra¬ 
tion,  both  the  interface  concentration  and  the  EOD  coefficient  are 
higher.  At  1  M  feeding  concentration,  the  methanol  concentration 
at  the  anode-membrane  interface  is  about  59%  of  the  feeding 
concentration  when  the  cell  voltage  is  at  0.394  V.  The  interfacial 
concentration  at  1  M  feeding  concentration  is  about  3.48  times  of 
the  interfacial  concentration  at  0.5  M  feeding  concentration. 

3.3.  Results  at  2  M  feeding  methanol  concentration 

Fig.  4  shows  the  four  peaks  of  methanol  crossover  flux  when  the 
methanol  feeding  concentration  is  2  M.  Here,  Vmax  equals  0.774  V. 
For  the  second  peak  (I  =  0.888  A  cm-2, 

j  =  4.758  x  10-2  mmol  min-1  cm-2)  and  the  fourth  peak 
(J  =  0.002  A  cm-2,  j  =  2.596  x  10-2  mmol  min-1  cm-2),  from  Eq.  (4) 
we  have, 

C2_2Deff  +  1.657  x  10_8A2_2  =  1.427  x  10“9  (9) 


C2_4Defr  +  3.731  x  10~nA2_4  =  7.789  x  1(T10  (10) 


Similarly  bothC2-2  andC2-4  are  the  interface  methanol  concen¬ 
tration  when  the  methanol  feeding  concentration  is  2  M  and  the 
cell  voltage  is  0.394  V,  that  isC2-2  =  C2-4  and  A2-2  =  ^2-4-  From  Eqs 

(9)  and  (10),  we  have 

A2_2  =  3.924  x  10“2,  Aw  =  1.336,  C2_2  =  C2_4  =  1.57M. 

The  interfacial  concentration  at  2  M  feeding  concentration  is 
1.57  M,  about  9.26  times  of  the  interface  concentration  at  0.5  M 
feeding  concentration. 


3.4.  Results  with  3  M  methanol  concentration 

Fig.  5  shows  the  four  peaks  of  methanol  crossover  flux  when  the 
methanol  feeding  concentration  is  3  M  and  we  have  four  equations 
for  the  four  peaks.  Here  Vmax  equals  0.741  V.  For  the  second  peak 
(I  =  0.856  A  cm-2,  j  =  8.298  x  10-2  mmol  min-1  cm-2)  and  the 
fourth  peak  (I  =  0.002  A  cm-2,  j  =  4.461  x  10-2  mmol  min-1  cm-2), 
from  Eq.  (4),  we  have, 


Fig.  5.  Methanol  crossover  peaks  at  transient  states:  methanol  feeding  concentration 
3  M;  methanol  flow  rate,  3  ml  min-1;  air  flow  rate,  1600  seem. 
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Table  1 

Methanol  crossover  peaks  at  transient  states  at  cell  voltage  of  0.394  V.  Methanol  feeding  concentration  0.5  ~  5  M;  methanol  flow  rate,  3  ml  min-1,  air  stoichiometric  greater 
than  40(C  —  methanol  feeding  concentration,  Ca/m  ~  interface  methanol  concentration,  Xa/m  —  interface  methanol  molar  fraction,  Xm—  methanol  drag  coefficient,  Aw—  water 
drag  coefficient,  ACa—  methanol  concentration  differences  across  the  anode  catalyst  layer,  I—  cell  current  density). 


C(M) 

Am  (  x  10-3) 

Ca/m  (M) 

Xa/m 

/  (A  cm  2) 

Aw 

Crossover  flux  (  x  10  2  mmol  min  1  cm  2) 

A Ca  (M) 

0.5 

1.513 

0.1702 

3.076  x  10-3 

0.23 

0.492 

0.321 

0.33 

1 

10.17 

0.5907 

1.077  x  10-2 

0.231 

0.944 

1.157 

0.41 

2 

39.24 

1.5744 

2.937  x  10-2 

0.236 

1.336 

3.207 

0.43 

3 

72.25 

2.7047 

5.181  x  10-2 

0.162 

1.395 

5.405 

0.30 

5 

136.2 

4.6543 

9.347  x  10-2 

0.11 

1.457 

9.134 

0.35 

C3_2Deff  +  1.597  x  KT8A3_2  =  2.489  x  10  9  (11) 

C3_4Deff +  3.731  x  10-1^  A3_4  =  1.338  x  10“9  (12) 

BothC3_2  and  C3-4  are  the  interface  methanol  concentration 
when  the  methanol  feeding  concentration  is  3  M  and  the  cell 
voltage  is  0.394  V,  that  is  C3_2  =  C3_4  and  A3_2  =  A3_4.  From  Eqs.  (11 ) 
and  (12),  we  have 

A3_2  =  7.225  x  10-2,  Aw  =  1.395,  C3_2  =  C3_4  =  2.7  M. 
The  interfacial  methanol  concentration  is  2.7  M. 


3.5.  Results  at  5  M  methanol  concentration 

Fig.  6  shows  the  four  peaks  of  methanol  crossover  flux  when  the 
methanol  feeding  concentration  is  5  M  and  we  have  four  equations 
for  the  four  peaks.  Flere  Vmax  equals  0.692  V.  For  the  second  peak 
(/  =  0.696  A  cm-2,  j  =  1.355  x  10-1  mmol  min-1  cm-2)  and  the 
fourth  peak  (J  =  0.002  A  cm-2,  j  =  7.678  x  10-2  mmol  min-1  cm-2), 
from  Eq.  (4),  we  have, 

C5_2Deff  +  1.298  x  KT8A5_2  =  4.066  x  10  9  (13) 

C5_4Deff  +  3.731  x  10_11A5_4  =  2.303  x  10“9  (14) 

Similarly,  bothC5_2  and  Cs_4  are  the  interface  methanol  con¬ 
centration  when  the  methanol  feeding  concentration  is  5  M  and  the 
cell  voltage  is  0.394  V,  that  is  Cs_2  =  Cs_4  and  X5-2  =  X5-4.  From  Eqs. 

(13)  and  (14),  we  have 


Fig.  6.  Methanol  crossover  peaks  at  transient  states:  methanol  feeding  concentration 
5  M;  methanol  flow  rate,  3  ml  min-1;  air  flow  rate,  1600  seem. 


A5_2  =  0.136,  Aw  a  1.46  C5_ 2  =  C5_4  =  4.65  M. 

The  interfacial  methanol  concentration  is  4.65  M. 

3.6.  Derivation  of  the  formula  for  general  methanol  drag  coefficient 

When  the  membrane  is  fully-hydrated  the  methanol  drag  co¬ 
efficient  is  a  function  of  only  the  interface  methanol  concentration 
between  the  anode  catalyst  layer  and  the  electrolyte  membrane. 
The  summery  of  the  values  of  the  methanol  concentrations  at  the 
interface  between  the  anode  catalyst  layer  and  the  membrane  and 
the  values  of  the  methanol  drag  coefficient  are  listed  in  Table  1  at 
the  cell  voltage  of  0.394  V.  The  methanol  drag  coefficient  can  be 
expressed  as  Xm  =  AwXa/m  [39],  where  Xm  and  Xw  are  the  methanol 
and  water  drag  coefficients,  correspondingly,  Xa/m  is  the  methanol 
molar  fraction  at  the  interface  between  the  anode  catalyst  layer  and 
the  membrane.  Assuming  the  methanol  drag  coefficient  is  pro¬ 
portional  to  the  interfacial  methanol  concentration,  the  relation¬ 
ship  between  the  methanol  drag  coefficient  and  the  interfacial 
methanol  concentration  is  shown  in  Fig.  7  and  the  linear  fit  is  given 

by, 

Xm  =  bCa/m  (15) 

where  h  =  0.028.  The  standard  deviation  =  9.692  x  10  4,  and  the 
Adjusted  R-Square  =  0.994. 

Converting  the  methanol  concentration  to  methanol  molar 
fraction,  the  relationship  between  the  methanol  drag  coefficient 
and  the  methanol  molar  fraction  is  shown  in  Fig.  8,  and  the  linear  fit 
is  given  as, 

—  bXajm  (16) 


interface  methanol  concentration  Ca/m 

Fig.  7.  Methanol  drag  coefficient  versus  methanol  concentration  at  the  interface  be¬ 
tween  the  anode  catalyst  layer  and  electrolyte  polymer  membrane. 
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Fig.  8.  Methanol  drag  coefficient  versus  methanol  molar  fraction  at  the  interface  be¬ 
tween  the  anode  catalyst  layer  and  electrolyte  polymer  membrane. 

where  b  =  1.43.  The  standard  deviation  =  0.033,  and  the  Adjusted 
R-Square  =  0.997.  Comparing  with  the  formula  Xm  =  AwXa/m,  the 
water  drag  coefficient  is  equal  to  1.43  in  general  in  this  case.  Table  1 
also  shows  the  water  drag  coefficients  with  different  interface 
methanol  concentrations,  which  are  in  agreement  with  those  ob¬ 
tained  in  the  literature  [41-43].  The  trend  that  water  drag  coeffi¬ 
cient  increases  with  the  increase  in  methanol  concentration  also 
agrees  well  with  the  results  by  Schaffer  et  al.  [44].  Note  that  in  this 
work,  the  water  drag  coefficient  is  determined  through  the  meth¬ 
anol  drag  coefficient,  very  different  from  the  methodologies  used 
before.  Yet,  such  good  agreements  with  others  are  obtained. 

4.  Conclusions 

Experimental  results  show  that  sharp  peaks  exist  in  the  meth¬ 
anol  crossover  flux  when  the  cell  voltage  changes  abruptly.  From 
the  fundamental  formation  mechanisms  of  these  peaks,  a  novel 
method  to  determine  the  methanol  concentration  at  the  interface 
between  the  anode  catalyst  layer  and  the  Nation®  electrolyte 
membrane  is  developed.  Based  on  the  experimental  results  and  the 
analyses,  the  following  conclusions  can  be  made. 

1 )  The  peaks  or  valleys  in  methanol  crossover  flux  when  the  cell 
voltage  changes  abruptly  are  caused  by  the  different  response 
rates  of  the  two  fundamental  mechanisms  of  methanol  cross¬ 
over:  diffusion  and  EOD. 

2)  The  peaks  or  valleys  in  methanol  crossover  rate  can  be  used  to 
determine  the  interfacial  methanol  concentration  between  the 
anode  catalyst  layer  and  the  membrane. 

3)  The  methanol  drag  coefficient  can  be  obtained  from  the  peaks 
and  valleys  in  methanol  crossover  rate. 

4)  The  water  drag  coefficient  can  also  be  obtained  from  the  peaks 
and  valleys  in  methanol  crossover  rate. 
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